The relation between extraction fraction, E, measured by the multiple-tracer, instantaneous intra-arterial injection method and by single-tracer, continuous injection was studied by experiments on gastric wall, liver, and skeletal muscle of anesthetized dogs. E was calculated from ratios of diffusible to nondiffusible tracer concentrations in successive samples of venous blood. Initial extraction, E(0), was the same by instantaneous or continuous injection. E diminished with time due to back-diffusion. In liver, E(0) for \vater-3 H, mannitol-3 H, and glucose-3 H remained close to unity, indicating that transcapillary transport was flow-limited. E(0) for 22 Na, 36 C1, and mannitol-3 H in gastric wall, and for 2 -Na and 80 Rb in skeletal muscle were less than unity and decreased with increasing blood flow, indicating diffusion limitation. E for 8e Rb in skeletal muscle eventually reached a plateau level, due to the large "sink" for 88 Rb in cell K. Both E(0) and plateau E for 86 Rb in muscle increased during exercise. Permeability surface products PS were calculated from measured E's and blood flows, Q, by the relation PS = -Q In (1 -E). Their values suggest that E(0) reflects relative capillary permeabilities to different tracers, but only for capillaries of fastest arteriovenous transit. Plateau E's, such as for S0 Rb in skeletal muscle, represent all the capillaries, but are influenced also by extracapillary barriers.
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Gradually with time, there was a reduction of about 10% per hour in the arterio-venous (A-V) difference of 42 K. This was attributed to back-diffusion of extravascular 42 K. Because of this, it was pointed out that the continuous infusion procedure was applicable only to substances like 4 -K and 8<i Rb for which the large extracapillary dilution (cell potassium space) keeps the concentration outside the capillary close to zero (2, 4) .
To obtain fractional extraction of a variety of substance, many workers (3, 5, 6, (7) (8) (9) (10) (11) (12) applied the multiple-tracer, first-passage dilution technique of Chinard et al. (13) using instantaneous single intra-arterial injection. The mixture injected contains one diffusible tracer plus a reference tracer which is confined to the vascular space in a single passage through the microcirculatory network (e.g., 131 I-albumin and r>n Fe-siderophilin). The method assumes that the concentrations of the two tracers at the arterial end of the capillary (defined as the exchanging part of the microcirculatory network) are equal. From the venous concentration of the diffusible tracer, Cd, and the reference tracer, Cr, the fractional loss in each successive sample can be obtained (3, 5, 14) : E = l -( C d / C r ) .
(3)
However, Cd/Cr m successive venous samples may rise, giving values for E that are successively smaller (5, 9, 14) . This has been interpreted as due to back-diffusion of tracer from the extravascular space, and therefore the initial or maximal loss, here called E(0), has been considered the important transcapillary exchange parameter (3, 7, (13) (14) (15) (16) .
The multiple-tracer, instantaneous-injection technique has been applied lately to measure fractional extractions and to compute PS values of a number of different substances in various vascular beds (3, (7) (8) (9) (10) (11) (12) . The singletracer continuous registration method has been extensively used to measure extraction of S(i Rb and 4 -K and to compute PS values in studies of the effects of nerve stimulation and of drugs on transcapillary exchange (17) (18) (19) (20) (21) (22) (23) (24) (25) . It seems important to us, therefore, to establish the relation between values of E measured and of PS calculated by these two approaches.
Methods
The experiments were performed in dogsanesthetized with pentobarbital, 30 mg/kg iv. The organs studied were the gastric wall, the liver and the gracilis muscle. Mixtures of tracerswere injected into the arterial blood supply. Samples of blood from the efferent vein were collected successively every 3 or more seconds, starting immediately after the injection. A reference, nondiffusible tracer was included in the mixture with one or more diffusible test molecules. Both instantaneous and continuous tracer injections were performed in the gastric wall and liver; only continuous injections were made in skeletal muscle. Determinations of radioactivity were made in aliquots of blood following procedures already published (12, 26) .
Gastric Wall.-This preparation has been described previously (12) . A part of the greater curvature of the stomach was mounted in a lucite chamber, and it remained connected to the clog only through the gastroepiploic vessels. Cannulae were inserted toward the gastric side in the splenic artery and vein. The radioactive mixtures used in this organ were 5I Cr-hemoglobin or 5rt Fe-siderophilin as the intravascular reference tracers, and mannitol-3 H and 30 Cl as the diffusible tracers. 22 Na and tritiated water (here called HTO) were used in one experiment. Venous samples were collected every 5 to 10 seconds for 1 to 2 minutes.
Liver.-The organ was left in situ. The portal vein was exposed, and the radioactive mixtures were injected into it without interference with the circulation. Blood samples were collected from a cannula inserted through the jugular vein into the left hepatic vein. Mixtures of r>1 Crlabeled red cells as reference tracer, 1 and HTO, or mannitol-3 H, or glucose-3 H were administered in continuous or single injections. Samples were collected every 3 seconds for only 40 to 50 seconds as the recirculating label reached the sampling point at about this time after the tracer injection.
Gracilis Muscle.-This preparation has also been described previously (22) . The gracilis l "Bfe-siderophilin cannot be used as a reference label in the liver as it is not confined to the vascular bed. artery was connected through a cannula to a reservoir filled with blood. A second reservoir contained blood with a mixture of 59 Fe and 86 Rb.
In some experiments 22 Na was also added. The SB Fe was bound immediately to plasma siderophilin and served as the reference tracer (9) . To begin an experiment, perfusion was suddenly switched from the unlabeled to the labeled reservoir. From this instant on, the blood flowing from the gracilis vein was collected in tubes every 5 or more seconds, depending on the flow, for 3 or more minutes. Successive experimental runs were made at different perfusion rates. In some experiments, to produce muscular contraction, the gracilis nerve was stimulated with 0.1-msec pulses, one every 2 seconds, at supramaximal voltage.
Results

GASTRIC WALL
The results of four experiments are presented in Figures 1 and 2 and Table 1 . Figure 1 shows the results of an experiment in which continuous administration of an arterial tracer was maintained throughout. The blood flow in this preparation was 72 ml/min • lOOg. The dilution curve shows that all tracer concentrations are continuously increasing during the 100 seconds that the experiment lasted. The ratio curves start at low values, 0.05 for HTO and 0.50 for 22 Na, and increase rapidly. The curve for -2 Na reaches a kind of plateau at a ratio of about 0.70 in approximately 30 seconds. The HTO curve diminishes its slope at the same time, but keeps increasing. Figure 2 shows ratio curves for 30 Cl and mannitol in another continuous-injection experiment at lower blood flow, 25 ml/min • lOOg. Both curves are similar to that for -2 Na, but the reduced flow delays the onset of the plateau phase, and there is an early period of nearly constant Cd-Cr ratio. The results of a single "slug" injection procedure relative to a continuous injection are illustrated for 80 Cl. Both ratio curves were obtained successively in the same experiment, at the same blood flow. It can be seen that the initial values of Cd/Cr are the same, but the single-injection curve rises much more steeply.
To calculate the maximal extraction, E(0), by either the continuous or instantaneous-injection method, a value for Cd/Cr as close as possible to zero time (i.e., tracer appear- Liver ratio curves. In experiment 12 (above), the mixture of tracers was infused at a continuous rate; in experiment 15 (below), it was given as a slug injection. In both experiments, all ratios shown are those obtained before appearance of recirculating tracer.
ance time) must be used. In Figure 1 the ratio obtained from the first sample could be a reasonable choice for both 22 Na and HTO. For the continuous method, no theory exists to provide a means of extrapolating the ratio curve to zero; in the case of the instantaneous injection method, extrapolation could be accomplished by the method of Martin de Julian and Yudilevich (14) . However, if the sampling interval is small enough, the first sample is also a good approximation (3, 11, 12 and Alvarez and Yudilevich, unpublished) . This is the way we obtained E(0) in all experiments.
Analysis of the continuous-injection ratio curve in the gastric wall is based on our results with 30 Cl and mannitol (Table 1) . Alvarez and Yudilevich have previously studied transcapillary exchange of 22 Na and HTO in this preparation using the instantaneous technique (12) . In addition to E(0), we estimated a value E(p) for extraction measured at the plateau level of the ratio curve ( Fig. 2 ). It can be seen in Table 1 that E(p) is always much less than E(0) for SO C1 and mannitol, and the difference is larger for the more diffusible 3<i Cl. For both substances, E(0) and E(p) are lower at high than at low blood flow.
Application of equation 1 permits estimation of permeability surface products, PS, and Gracilis muscle. Dilution (above) and ratio (below) curves during continuous infusion of 50 Fe-siderophilin and 8 l ! Rb. In these curves, the origin of the time scale is the moment when perfusion was switched from unlabeled to labeled blood. (Experiment 3.)
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PS ratios (7, 12) . We have used only PS values computed from E(0) as this parameter is most likely the one related to the capillary barrier alone (14, 16) . Furthermore, in this preparation in which the flow is shared by different capillary beds (mucosa, muscularis and sub-muscularis), this initial value may be related to only one of them, possibly the muscularis (12) . The PS values obtained for Cl are greater than those for mannitol. Their PS ratios at high blood flow approach 0.30 which is the ratio between their free diffusion in water coefficients.
LIVER
Representative dilution curves after single slug injection are shown in Figure 3 . A complete report of several experiments has been summarized elsewhere (10) . The ratio curves of three different mixtures given successively to the same animal are presented in Figure 4 which also includes a typical continuous-injection experiment with the same tracers. The ratio curves of HTO, mannitol, and glucose start at almost zero in the two types of injection procedures. However, the rising part of the curves is much slower in the continuous-infusion experiment. This is the same pattern shown above for the ratio curves in the gastric wall, and again it appears that zero time extractions are the same as measured by the two types of tracer injection.
The liver, in contrast to gastric wall, shows E(0) for HTO and also for mannitol close to unity. This is evident in the dilution curves ( Fig. 3) where the appearance of the diffusible tracer is delayed with respect to the reference tracer. These results confirm a previous report by Goresky (27) . However, the shorter transit time of red cells with respect to plasma in larger vessels should be taken into account. This means that if extractions are to be calculated the time scale for the dilution curve for the reference and diffusible tracer must be corrected. Gracilis muscle. Ratio curves during continuous perfusion of a mixture of 8e Rb, ll Na, and "Fe-siderophilin. Successive runs were performed at different blood flows, Q. (Experiment 6.)
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A typical dilution curve and the ratio curve for 59 Fe-siderophilin and 86 Rb are shown in Figure 5 . It can be seen that the dilution curves ascend, reaching a plateau about 60 seconds after the start of the continuous tracer perfusion. The plateau value for the reference tracer is about unity; for the diffusible 80 Rb it is about 0.75. The 80 Rb- 5 "Fe ratio curve starts at 0.65 and reaches on the average the same plateau value as the 86 Rb concentration itself. This rising pattern of the ratio curve is also seen in the experiment represented in Figure 6 ; it is different from that found for 8(i Rb in the heart in which the ratio was constant from the very beginning (9) . The pattern is similar to that here found in the stomach and liver. Figure 6 shows the results of an experiment in which 8 «Rb, 22 Na, and r ' y Fe-siderophilin were simultaneously present in the arterial blood. Four successive runs were performed at blood flows between 16.3 and 3.9 ml/ min • lOOg. 8(i Rb and 22 Na curves rose from an initial minimum ratio. The rubidium reached a plateau after 120 to 360 seconds which was well maintained. The corresponding phase for -Na continued to rise at a slower but variable rate until the end of the experiment. This effect is more or less pronounced according to flow. Table 2 summarizes values of E(0) and E(p) in the six experiments performed. E(p) was always obtained from the average of the samples collected in the last minute of each run. It can be seen in the table that E(0) is usually much larger than E(p) for both 22 Na and 80 Rb although the differences from experiment to experiment are variable. For both tracers, E(0) and E(p) decrease with increasing blood flow. Maximal as well as plateau extractions for 22 Na are always less than for 8(i Permeability surface products and their ratios plotted against blood flow in gracilis muscle. The dashed line indicates the ratio of the free diffusion coefficients in water (D Na /D Rb ), taken from the American Institute of Physics Handbook, New York, McGraw-Hill, 1957. (Experiment 6.) registration, single-isotope experiments. No calculations of PS were made from E(p)Na because in many experiments (e.g., Fig. 6 ) these decreased rapidly with time. The PS(O) ratios for Na to Rb listed in Table 2 (range 0.67 to 0.97) are fairly close to the ratio of the free-diffusion coefficients of these ions (0.74). In some experiments, there is a clear correlation of the PS(0) ratio with blood flow. In Figure 7 , PS values for Rb and Na and their ratios are plotted against flow for experiment 6. The figure shows that PS(0)Rb increases considerably with flow over the experimental range. PS(0) Na at low flow is nearly equal to PS(0)Rb but rises much less sharply, and the PS ratio approaches the free-diffusion ratio as flow increases. PS(p)Rb is relatively constant over a wide range of blood flow.
In experiments 2 and 3 ( 333 and E(p)Rb were studied. During exercise, both E's increased above resting levels at corresponding blood flows. From the table it can be computed that the average increase in PS(0)Rb with exercise in these experiments was 12%. In PS(p)Rb it was 32%. Similar, though larger, increases in plateau extraction and PS of 8G Rb during and after muscular contraction have been reported (19) , but it has not previously been demonstrated that E(0) and PS(0) are comparably increased during exercise.
Discussion
RATIO CURVES AND FRACTIONAL EXTRACTIONS
To establish the validity of the fractional extractions obtained by either the single-or double-isotope technique, it is necessary to analyze the time course of the relationship between diffusible and reference tracer concentrations during continuous arterial tracer injection. In the three organs and for all substances studied, the function Cd/Cr versus time can be characterized by three phases: an initial value from which the initial, maximal extraction E(0) can be computed; a rapidly rising transitional phase leading to a third phase which can either be slowly rising or relatively constant. The latter is the only phase which can be compared with data obtained from an experiment in which only the diffusible tracer is used because the other phases occur during the washout of the nonradioactive blood.
Our results show that E(0) measured from the initial phase after continuous tracer injection is similar to the one obtained by the instantaneous injection method. This is to be expected since it has been shown theoretically that the washout period after a constant infusion is equivalent to the first circulation after a single injection (28) . The initial extraction E(0) has been related to the diffusion barrier of the capillary wall (3, 14) .
In the second or transitional phase, increments in Cd/Cr can be interpreted in terms of at least two processes. The first is backdiffusion into the blood of diffusible tracer which would increase its concentration in Circulation Research, Vol. XXIll, August 1968 successive samples of venous blood relative to that of nondiffusible reference. This interpretation follows that used by Martin de Julian and Yudilevich to analyze the rising phase of single-injection ratio curve in a model for a homogeneous capillary bed like the heart (14) . If this is the case, the third phase would represent equilibration of relatively more slowly exchanging compartments, in the interstitium or the cell. Secondly, inhomogeneity of the perfused capillary bed, if it exists, could also influence Cd/Cr in successive venous samples. This is the case for the gastric-wall preparation as previously discussed (12) . Depending on the relation between individual capillary extractions and total vascular transit times (arterial, capillary, and venous), the variation of Cd/Cr with time could follow a rising, a falling, or even a fluctuating course. The extraction measured from the initial phase represents in this case only the capillaries which contributed to the samples collected in that phase and not all the capillaries of the organ. Absolute values of PS(0) referable to these capillaries cannot be calculated because the blood flow through them is not known. However, simultaneously measured, permeability ratios still give valid information about relative capillary permeability to different substances, as blood flow and surface area cancel out.
From the third phase, a plateau extraction can be calculated in some cases. However, the meaning of this extraction depends on the exact nature of blood-tissue exchange in the specific organ and tracer. For instance, in the gastric wall the small size of the extravascular space and the inhomogeneity of the tissue prevents any interpretation of such data. In the liver, plateau extractions appear to be related to parenchymal cell transport (12; and Bravo and Yudilevich, unpublished) . In the gracilis muscle, plateau extraction cannot be estimated for 22 Na. For 80 Rb a well maintained, plateau concentration ratio is attained providing a relatively long lasting constant extraction value. The constant 80 Rb extraction has been interpreted as due to the large intracellular potassium pop! that dilutes this tracer (2, 4) . However, our results which show that initial 86 Rb extraction can be larger than plateau extractions in the skeletal muscle are unexplained. This point is further discussed below.
INITIAL AND PLATEAU »RB EXTRACTIONS IN THE GRACILIS MUSCLE
These two values were found to be the same in the heart because of the homogeneity of the cardiac capillary bed and the extremely fast myocardial tracer uptake (9) . The latter would minimize back-diffusion from interstitium to blood as it keeps the 8<I Rb concentration in the interstitium very low. Our results show that in the gracilis there appears to be a variable but significant difference between initial and plateau extractions which produces the three phases in the ratio curve which were absent in the heart. As discussed above, it can then be suggested that either these capillaries are not all functionally equal or that there is a certain back-diffusion of tracer from the interstitium. If we assume that no back-diffusion occurs and that, as has been proposed (1), the skeletal muscle is really inhomogeneous, early samples would represent the fraction of the capillaries which have the shortest A-V transit time, while after the washout period, all capillaries will be represented. If the former group happens to have larger extractions than the average, the pattern found in our experiments would be generated. On the other hand, if the capillaries were all alike, back-diffusion could be due to the building up of a significant 8(i Rb concentration in the interstitium. The rising phase of the ratio curves of 22 Na and 80 Rb being closely parallel is consistent with inhomogeneity because the skeletal muscle cells, like cardiac cells (9) , should discriminate sharply between these ions. This discrimination actually appears at a later time, in the third phase, in which 22 Na extraction decreases continuously while 80 Rb stays constant.
It should be emphasized that in all our results both initial extractions E(0) and plateau extraction E(p) for 88 Rb can be varied experimentally, and they move in the same direction. The effects are more prominent on E (0) than on E (p). However, the advantage of the continuous-infusion, single-isotope experiment is that it gives a continuous register of the transcapillary diffusion capacity on which the effect of controlled induced changes can be studied (2, (17) (18) (19) (20) (21) (22) (23) (24) (25) .
CAPILLARY PERMEABILITY AND INITIAL FRACTIONAL EXTRACTIONS
Gastric Wall-Comparison of PS(0) ratios for 36 C1 and mannitol-3 H with their freediffusion coefficients in water (Table 1) suggests that blood flow is the common, limiting factor in the transcapillary exchange at low blood flow; and diffusion limitation appears only at high flows (11, 12) . Within the range of flows encountered in our experiments, no greater restriction to mannitol diffusion than that of 30 Cl was observed; that is expressed in the ratio of their free-diffusion coefficients (7) . However, the possibility cannot be ruled out that at even higher blood flows than those reached in these experiments, the PS ratio for mannitol and 30 Cl will fall below the ratio of their free-diffusion coefficients and approach a value characteristic of restricted diffusion. According to Landis and Pappenheimer (see their Fig. 9 .2, p. 1010), this value would be about 0.24 for pores 80 A in diameter (29) . In the gastric wall, as previously suggested, permeability ratios derived from initial E's may be ascribed to capillaries in the muscularis layer rather than to those of the mucosa (12) .
Liver.-Experiments with HTO, mannitol, glucose, and other tracer molecules (10) have lead to the conclusion that in the extraordinarily loose capillary barrier of the liver, exchange is entirely flow limited, and therefore permeability-surface products cannot be estimated because equation 1 does not apply (11, 12) .
Skeletal Muscle.-Observed PS(0) ratios of 22 Na and 88 Rb lay mostly between 1.0 and 0.74 which is the ratio of their free-diffusion coefficients. These ratios appear to vary with blood flow (see particularly expt. 6, Fig. 7) , and it seems possible that a restricted diffusion ratio (0.68 for capillary pores of 80 A diameter) might be reached at higher flows. The data indicate that the ions do not cross a cellular barrier in their passage through the endothelium because much greater restriction to Na relative to Rb would be anticipated.
Conclusions
It appears from our work, that to determine diffusion capacity (or clearance) of the entire exchange network of an organ for a particular solute, it is necessary to measure plateau extraction of that solute. However, measurement of this quantity is limited by rapid back-diffusion from the interstitium and by the contribution of the cell membrane to the total diffusion barrier. Measurement of plateau or quasi steady-state extraction has so far been restricted to 42 K and 86 Rb as test substances.
To study the diffusion capacity characteristics of the capillary barrier in a homogeneous organ, zero-time extractions must be used. An important consideration derives from the fact that measurement of capillary permeability from equation 1 can be flow dependent. This effect appears in our results and has been discussed previously as showing that "hidden" flow limitations can exist. A correlation of PS values with flow, if experimentally possible, provides basis for interpretation of such data. In tissues that have more than one kind of capillary, from the standpoint of fractional extraction, ratios of permeability coefficients can still be obtained in some cases.
